We demonstrated coherent control of spin precession motion due to the ferromagnetic resonance induced by magnetic field component of ultrashort terahertz pulses. The amplitude of the precession can be controlled by the pulse separation time of the double pulse excitation technique. We succeeded in observing the energy transfer between spin and photon systems, and the energy of the spin system is returned to the second terahertz pulses instantaneously when the precession amplitude is cancelled.
Introduction
Ultrafast optical coherent control of the spin degrees of freedom is currently receiving intense attention [1] [2] [3] [4] [5] [6] [7] [8] [9] . Preceding reports on demonstrations of coherently controlling the spin systems have been conducted using indirect excitations of the spins that occur as a result of dielectric interaction with optical pulses such as electronic excitations and inverse Faraday effect [3] [4] [5] [6] [7] [8] [9] . Detecting methods of the spin precessions in these studies are generally also indirect and monitor the spins through fluctuation of dielectric constants. Very recently, we succeeded to show that spin precessions are directly excited by magnetic field of a terahertz pulse and observed in time domain via terahertz (THz) emission with a circular polarization from the spin system [1] . Kampfrath et al. reported the coherent control of an antiferromagnetic spin wave by using THz magnetic pulse excitations and optical Faraday detection techniques in antiferromanget NiO [9] . However, there is no report of coherent control on the ferromagnetic spin wave, and the ferromagnetic spin response is important for the magneto-optic devices. In this report, we will demonstrate coherent control of spin precession motions on a macroscopic magnetization in canted antiferromagnet YFeO 3 by detecting circular polarized THz emission due to spin precession controlled by the double pulse excitation technique using impulsive THz magnetic fields [2] .
The concept of our experiment is shown in Fig. 1 where H indicates the sum of the internal effective magnetic field (H eff ) and H THz . The magnitude of H THz is much smaller than that of H eff . After this tipping of M by H THz , M starts to precess around H eff along the z-axis direction (Fig. 1a) . The rotating coherent bulk magnetization radiates circularly polarized electromagnetic wave emission at a frequency of ferromagnetic resonance. This phenomenon is so-called free induction decay (FID) of the spin system in ferromagnet. Furthermore, inserting the second magnetic pulse with the appropriate time interval as shown in Fig. 1b , the rotated magnetic moment stops and the moment is directed along z-axis. The magnetic component of the THz pulse with a half--cycled wave form can be regarded as an ultrashort magnetic pulse with the pulse duration of ≈ 0.3 ps. We can probe directly the motion of the magnetic moment by observing the THz emission from the magnetic moment.
Experiment
Transmission-type THz time-domain spectroscopy [1] was performed at room temperature. A mode-locked (343) Ti:sapphire laser delivered ultrashort (12 fs) light pulses with a central photon energy of 1.55 eV at a repetition rate of 75 MHz. The emitter and detector of the THz waves were low-temperature-grown GaAs photoconductive antennas. The emitted THz wave was collimated and incident on the sample. As it will be seen in the following part ( Fig. 2) , the incident THz wave is close to monocycle with positive and negative going amplitudes. However, the time width (full width at half maximum) of the negative component around −2 ps is 2.1 ps, which is longer than the half-period of the spin precession (1.67 ps). The slowly varying magnetic field slightly tilts the rotation axis and does not excite the precession motion. Thus the main effect of this incident THz pulse on the precession motion comes from the positive going component, which is narrower than the half-period. Therefore, we interpret that the THz wave works effectively on spin systems as a "half cycle" pulse. The transmitted THz field was detected by the photoconductive antenna, which was triggered by optical probe pulses with a variable time delay. The incident THz waves have horizontally polarized electric field and vertically polarized magnetic field. The horizontal and vertical electric field was measured by using the free standing wire-grid polarizers [1] . Excitation pulses were doubled by the Michelson-type interferometer or hemispherical mirrors [2] with a different pulse separation time ∆t. The samples used in this study are single crystals of yttrium orthoferrite YFeO 3 grown by the floating zone method. YFeO 3 is an antiferromagnet below the Néel temperature T N = 645 K [10] , and nearest neighbors of Fe 3+ ions are ordered in antiparallel alignment along the a-axis of the orthorhombic crystal lattice [11] . YFeO 3 possesses macroscopic magnetization in the direction of the c-axis ascribed to canting of Fe 3+ ion magnetic moments, and have two branches of antiferromagnetic resonance in sub-THz frequency range. One is called quasi--antiferromagnetic mode (AF-mode) and has resonant frequency of 0.527 THz at 300 K. The other branch with its resonant frequency at 0.299 THz (300 K) is called quasi-ferromagnetic mode (F-mode), which is interpreted as a precession motion of the macroscopic magnetization [12] . In this study, a c-surface platelet with a thickness of 1.4 mm was prepared. A static magnetic field of ≈ 0.1 T was applied along the c-axis (the Faraday layout) to remove the quasi-ferromagnetic domain structure in the measurement. The polarizations of the magnetic and electric fields of input THz pulses are parallel to a-axis and b-axis, respectively. In this polarization layout, the x-, y-, z-axes in Fig. 1 correspond to a-, b- , c-axes of crystal structure in YFeO 3 , respectively. Figure 2 shows the experimental result of the THz wave forms transmitted through the sample with single and double pulse excitations. The signals show the horizontally polarized component of the electric field (E b--axis) which is proportional to the vertically polarized component of the magnetic field (H THz a-axis). The wave forms consist of the "half-cycle" THz main pulse and oscillation components by the spin precessions due to the ferromagnetic resonance (the oscillation period is T F ≈ 3.3 ps or the frequency is 0.299 THz). The oscillation decays with a time constant of ≈ 40 ps as a consequence of the FID radiation and other relaxation processes such as spin-phonon and spin-spin relaxations within the condensed matter. The oscillation amplitude after the second main pulse for double pulse excitation is enhanced at ∆t = 4T F . On the other hand, the oscillation amplitude for ∆t = 4.5T F are cancelled. These facts indicate that we succeeded in the coherent control of the spin precession by the ultrashort magnetic pulses and the amplitude can be controlled by the time interval of the THz magnetic pulses. Figure 3 shows the three-dimensional trajectory plots of the oscillation part of the horizontal (E b-axis) and vertical (E a-axis) polarization components, and obviously demonstrates circular polarization which reflects FID signal of the spin precession motion induced by the THz magnetic pulses. The results of the double pulse excitation at ∆t = 4T F and ∆t = 4.5T F indicate that the amplitude of spin precession motion changes drastically by changing the pulse separation time. It is confirmed that the amplitude of the spin precession is damped for ∆t = 4.5T F (Fig. 3c) .
Results and discussion
We will discuss an energy transfer in coherent control as follows. In the case of ∆t = 4T F , the amplitude is increased twice as much as that in single pulse excitation as shown in Fig. 2, i. e., the stored energy of the spin precession, which is proportional to square of the amplitude, is four times larger compared to that in the single pulse excitation case. On the other hand, the amplitude for ∆t = 4.5T F becomes zero and the energy of the spin system also becomes zero. In order to see the destination of the energy transferred from the spin system, we highlight the main peak of the second THz pulse as shown in Fig. 4 . In the case of ∆t = 4T F , the peak amplitude of main pulse is lower than that of the single pulse excitation (without the first pulse), then the part of the energy in THz pulse moves to the spin system. On the other hand, the peak amplitude of the main pulse for ∆t = 4.5T F is larger than that of single pulse excitation. This result indicates that the stored energy in spin system excited by the first pulse has been transferred to THz pulse instantaneously. We estimated roughly the energy exchanged between spin and photon systems. The energy of the electromagnetic wave is estimated by calculating time integration of the square of the amplitude. The energy difference in the main peak between at ∆t = 4T F and 4.5T F and the total energy of the enhanced FID at ∆t = 4T F are compared. Although the difference of the peak height of the main pulse of the second pulse is seen small in the scale of amplitude as shown in Fig. 4 , the energy difference in the main peak becomes comparable to the total energy of the enhanced FID as follows.
The height at 4T F and 4.5T F in amplitude are about 1.08 and 1.2 on the scale of Fig. 4a , respectively. By squaring these and multiplying by full width at half maximum (FWHM) of the peak which slightly differs in 4T F and 4.5T F , 0.56 and 0.59 ps respectively, we obtain total energy of the main peaks 0.653 for 4T F and 0.850 for 4.5T F . Therefore, difference in the total energy of the main peak is "0.197."
Next, the total energy of the FID at 4T F just after the second pulse is estimated from Fig. 3b . The amplitude of the oscillation in horizontal polarization is about 0.1. Because FWHM of one cycle in square of a sinusoid is 1/4 of the oscillating period, square of a sinusoid with oscillation period of 3.3 ps has a peak with 0.825 ps width for every 1.65 ps. This damped oscillation amplitude has a time constant of ≈ 40 ps, so the time constant in intensity is 20 ps and there are about 20 ps/1.65 ps = 12.12 peaks within this time constant. Therefore calculation of the total energy of the oscillating component in horizontal polarization yields 0.10. In the vertical polarization the amplitude of oscillation is about 10% smaller than that in horizontal polarization, and the total energy in this polarization is 0.08. Thus the overall energy of the FID emission is approximately "0.18." These two values of "0.198" and "0.18" are very close and the change in total energy of the main peak is comparable with the difference in the total energy of the FID radiation after the second excitation.
It is confirmed that the transferred energy to/from the spin system can be explained by the energy change of the THz main pulse. The small difference of the values is ascribed to the energy dissipation such as spin-spin and spin-phonon relaxations within sample. This fact indicates that the energy exchanged between spin and photon system is performed practically losslessly, and this can be regarded as the demonstration of "read out" the spin state by using the THz pulses. This technique of the coherent control using THz magnetic pulse is very useful for the applications such as spintronics and quantum information because we can write and read out information in a spin system in ultrafast time scale.
Furthermore, this THz coherent control technique has an advantage compared to the coherent control using optical pulses. The THz pulses can excite and detect only spin system without other excitation such as the electronic excitation because the THz photon energy is very small. The energy efficiency of the coherent control using THz pulses is very high and this technique enables us to control the spin system with several orders lower energy compared to that using optical pulses.
Conclusion
We demonstrated the ultrafast coherent control of spin precession motion by the impulsive magnetic field us-ing the double pulse technique. The amplitude of the spin precession motion is enhanced twice at ∆t ∼ 4T F , whereas it becomes zero at ∆t ∼ 4.5T F .
We succeeded in observing directly the energy transfer between spin and photon spin systems, and the energy of the spin system is returned to the second pulse instantaneously at the case of the cancellation. This new technique using ultrashort magnetic pulses opens up the possibility of new application for the spin control in the field of quantum information and spintronics, because the effective usage of THz magnetic pulses enables us to observe directly the response of the magnetic dipole transition.
